A simple tile drainage model was incorporated into a recent version of the CROPGRO-soybean model. The model was calibrated and validated using four years of data from the Water Quality Research site, located at the Iowa State University Northeast-Research Center near Nashua, Iowa having two soil types (Readlyn and Kenyon). The data consisted of measurements of soil water contents at different depths and times, cumulative monthly tile flow, and final crop yield from 36 different 0.41 ha plots that were individually tile drained. The model was calibrated to give the best fit between the predicted and measured tile flow, soil water content, and crop yield from 1993 and 1994 for each soil type. It was validated by using data from 1995 and 1996 for each soil type. Predicted soil water contents, tile drainage and soybean yield matched measured values very well over all years for these two soil types. The results of this study show that the modified CROPGRO model does a very good job in simulating soybean yields and water dynamics for Readlyn and Kenyon soil in the experiment. S oil water availability is one of the most critical factors influencing soybean growth and final yield. Limited available soil water leads to reduce photosynthesis and leaf expansion, resulting in reduced growth and yield (Ritchie, 1981; McCree and Fernandez, 1989). The CROPGRO-Soybean model (Hoogenboom et al., 1994) has recently been used to study the role of water stress in creating spatial yield variability. Paz et al. (1998) used a modified version of CROPGROSoybean (Sexton et al., 1998) to test the hypothesis that water stress is highly correlated with spatial yield variability. They calibrated two soil water related parameters (rooting depth and saturated hydraulic conductivity of a restricting layer) to minimize the errors between predicted and measured yields in each of 224 grids in a 16 ha field using three years of historic spatial yield data. They found that nearly 70% of the yield variability in the field could be explained by water stress. In spite of these field level results, the model gave poor predictions of yield in wet areas of the field, and was not able to provide good results for the fourth year, which was an extremely wet year. This was likely due to the model not accounting for subsurface drainage. This limitation led to errors in predicting soil water contents resulting in poor predictions of yield.
S
oil water availability is one of the most critical factors influencing soybean growth and final yield. Limited available soil water leads to reduce photosynthesis and leaf expansion, resulting in reduced growth and yield (Ritchie, 1981; McCree and Fernandez, 1989) . The CROPGRO-Soybean model (Hoogenboom et al., 1994) has recently been used to study the role of water stress in creating spatial yield variability. Paz et al. (1998) used a modified version of CROPGROSoybean (Sexton et al., 1998) to test the hypothesis that water stress is highly correlated with spatial yield variability. They calibrated two soil water related parameters (rooting depth and saturated hydraulic conductivity of a restricting layer) to minimize the errors between predicted and measured yields in each of 224 grids in a 16 ha field using three years of historic spatial yield data. They found that nearly 70% of the yield variability in the field could be explained by water stress. In spite of these field level results, the model gave poor predictions of yield in wet areas of the field, and was not able to provide good results for the fourth year, which was an extremely wet year. This was likely due to the model not accounting for subsurface drainage. This limitation led to errors in predicting soil water contents resulting in poor predictions of yield.
The soil water balance subroutine in CROPGRO computes daily runoff and infiltration using the SCS curve number approach (Jones and Kiniry, 1986) . Water movement between soil layers is computed based on water holding capacity and the saturated hydraulic conductivity in each soil layer. This technique has worked well in predicting soybean yields on whole fields (Allen, 1996) . However, it has limitations when trying to predict growth and yield at the sub-field level. A major limitation in using this model at the sub-field level in Iowa is the lack of a subsurface tile drainage routine in the model. Many fields in Iowa have established subsurface tile drainage systems, which have considerable influence on soil water and root growth dynamics across a field. Subsurface tile drainage can bring several benefits, especially in poorly drained soils, including improved soil tilth, reducing exposure of roots to saturation, and improved water table management leading to improvements in root systems (Schwab et al., 1995) .
In order to improve upon methods outlined by Paz et al. (1998) to calibrate the crop model to predict yield in small grids within fields, the effect of tile flow within grids must be considered. Although there are many tile drainage models in existence (Kanwar et al., 1983; Sabbagh et al., 1991; Skaggs et al., 1995; Desmond et al., 1996; Azevedo et al., 1997; Kumar and Kanwar, 1997) , these models require precise knowledge of tile drain locations and geometry. However, the locations of tile lines are often not known in many fields in Iowa. A simple tile drainage routine is needed which can be easily calibrated to mimic measured soil water content at any location in a field.
The goal of this research was to develop a simple tile drainage model with a small number of parameters that could easily be calibrated for any location in a field. The specific objectives of this study were to: (1) incorporate a simple tile drainage component into the CROPGROSoybean crop growth model; and (2) test the model predictions against measurements of soil water content, subsurface tile drainage and crop yields using four years of data collected at the Iowa State University's Northeast-Research Center near Nashua, Iowa.
METHODS

OVERVIEW OF THE CROP MODEL
The CROPGRO-Soybean model (Hoogenboom et al., 1994 ) computes a complete water balance based on daily rainfall. Water infiltration and redistribution through the soil is computed based on principles outlined in Jones and Kiniry (1986) for the CERES-Maize model. The soil is divided into 10 layers, and the user specifies the lower limit water content, drained upper limit water content, saturated water holding capacity, saturated hydraulic conductivity, and a root weighting factor for each layer. Downward flow of water is computed based on the amount that water content in a layer exceeds the drained upper limit, and how much water the next layer can hold. Maximum water movement from a layer is limited by either a drainage coefficient (fraction of water that can be drained from a layer in a day under free drainage conditions) or saturated hydraulic conductivity. Perched water tables can be created by setting the saturated hydraulic conductivity (K sat ) in a deep soil layer in the profile (usually 150-180 cm depth) to a value less than one-tenth of K sat of the layers above it, thus creating a restrictive layer. This significantly reduces water outflow from the bottom of the profile, and causes water to perch upward in the profile during and after rainfall events.
Our objective was to create a simple model with a small number of parameters that can easily be calibrated to mimic measured soil water content at any location in a field. This simple approach should improve the accuracy of the soil water balance model to address spatial yield variability issues in precision farming. In this approach, daily flow from the tile is computed by: where q = daily tile flow, cm d -1 , or cm 3 [water] cm -2 [soil area] d -1 H = the hydraulic head, defined as the total depth of continuous soil layers above the tile drain which are saturated (cm) k t = saturated hydraulic conductivity of the tile layer, i.e., the soil layer in which the tile line is planted, (cm d -1 ) d = effective drain spacing (m) Inputs to the model include the depth of tile lines and the effective drain spacing, and these may not be known for a field and, in fact, can vary spatially across a field. In many cases, depth of the tile can be estimated. If k t is known, the effective drain spacing can be calibrated to force the model to mimic measured soil water contents throughout the soil profile. If k t is not known, the value k t /d can be calibrated to fit measured soil water contents. In this study, the depth of the tile is measured, as 1.21 m, and the values of the effective drain spacing (d) for two soils were calibrated. The model first computes daily tile drainage, then excess water is removed from the saturated portion of the soil profile. Next, the remaining water is redistributed in the layers above the tile to allow for downward flow. Although this model is very basic, it provides a simple approach that can be used to calibrate the predicted and measured tile flow and soil water content spatially across a field. More details regarding the use of a CROPGRO-Soybean model to predict crop growth and yield were described in Hoogenboom et al. (1994) .
FIELD EXPERIMENTS
The experimental site for this study is located at the Iowa State University Northeast-Research Center near Nashua, Iowa. This site, which was established in 1977, has 36 separate 0.41 ha plots that are individually drained with a subsurface tile system. One tile line is located at the center of each plot, and two tile lines are located at each of two borders parallel to the center of each plot. The tile lines were installed approximately 1.21 m deep with a spacing of approximately 29 m. Each tile has an automated flow meter, which measures daily tile flow . These plots typically have seasonally high water tables and benefit from subsurface drainage. The subsurface drainage system has been in place at this site since 1979.
The plots are located on three loam-textured soils: Readlyn loam (fine-loamy, mixed, mesic Aquic Hapludolls), Kenyon loam (fine-loamy, mixed, mesic Typic Hapludolls), and Floyd loam (fine-loamy, mixed, mesic Aquic Hapludolls) (USDA, 1977) . These soils belong to the Kenyon-Clyde-Floyd soil association, a group of loamy to silty soils that are moderately well to poorly drained and lie over loamy glacial till material (USDA, 1977) . These soils have organic matter contents ranging from 3 to 4%. Table 1 lists some of the physical characteristics of these soils at Nashua, Iowa.
Excellent documentation of tillage and cropping records has been maintained for the past seventeen years. This field site is intensively monitored for water quality as part of an ongoing project funded by the Leopold Center for Sustainable Agriculture and the USDA-CSREES MSEA project (Kanwar et al., 1996) . The daily tile drain flow at each plot was measured during the growing season from 1993 to 1996. Soil water contents were also measured during this period, at several depths, and four times during the season. Data collected from 22 plots at this site were used in this study. Plots selected for this research consisted of two tillage practices, no-till (NT) and chisel plow (CP), with a corn-soybean rotation during 1993-1996. Table 2 shows the classification of the each plot according to soil types.
A zero contamination hand sampler was used to remove 122 cm long soil cores with 22.2 mm in diameter (Ahmed, 1996) . As the sampler was pushed into the soil, each core slid into a clean liner made of PETG (polyethylene, terephthalate, glycol-modified) plastic to preserve the samples from any possible contamination. Three soil samples as three replications were collected from three different locations from each plot. All samples were frozen
( 1) immediately after collection. Frozen soil samples were cut into smaller soil sections to give soil samples for seven depths in the soil profile, then soil water content was measured by gravimetric techniques. In this study, soil water contents were collected on four different dates during the 1993 to 1996 study period, and five dates for surface layer (0-30 cm). In 1995, only three sets of soil samples could be collected. These seven depths were: 0-10, 10-20, 20-30, 30-45, 45-60, 60-90 and 90-120 cm. The four dates corresponded to: before planting, after planting, early in the growing season and after harvest. Details of the experiment are shown in table 3.
MODEL CALIBRATION AND VALIDATION
The focus of this study was to calibrate and test the ability of the model to predict soil water content, tile flow, and yield on two soil types. Input data files including weather, soil and management factors were assembled from available data. Daily weather data including daily maximum and minimum temperature, rainfall, and total solar radiation were measured on site during 1993-1996. Plots used in this study were located in Readlyn, and Kenyon soil types (table 2) . Soil physical properties, including percent sand, silt, and clay, available water, bulk density, and saturated hydraulic conductivity at different depths for each soil type, were measured at the site by Ratliff et al. (1983) , Weed (1992) , and Mirjat (1992) . These data are shown in table 1. Adequate management information (table 3) was available to run the model for each year.
The weather conditions during these four years are different. The accumulative rainfall from April to October was 925 mm in 1993, 685 mm in 1994, 732 mm in 1995 and 612 mm in 1996. The corresponding 100-year mean accumulative rainfall is 693 mm, so the accumulative rainfall from April to October in 1993 was 232 mm more than normal. Measured data for 1993 and 1994 were used for model calibration. We calibrated both soil water and tile drainage together, and then validated them together. During calibration, slight adjustments to measured soil properties, including saturated soil water content, and drained upper and lower limits for some soil layers, were made to calibrated predicted soil water content to measured values. However, these soil properties still varied within their ranges measured by Ratliff et al. (1983) . The SCS curve number was adjusted to account for tillage differences but is within the range given by Chow et al. (1988 
STATISTICS
The predicted values of soil water content and tile drainage from the CROPGRO-soybean model were evaluated with two statistical properties: the mean bias error (ME) and the root mean square error (RMSE), from Allen (1996) . These expressions are defined as: where m = number of observation per experiment n = number of experiments M = measured value P = predicted value The ME indicates whether there is a systematic bias in the predictions over a growing season, and the RMSE reflects the magnitude of the mean difference between predicted and measured values over a growing season.
RESULTS AND DISCUSSIONS
MODEL CALIBRATION OF SOIL WATER CONTENT AND SURFACE TILE DRAINAGE
Soil Water Content. The model was calibrated for each soil type by adjusting several parameters to give the best fit between the predicted and measured soil water contents and tile flows for 1993 and 1994. The effective tile drainage parameter in the tile flow model was adjusted to fit the daily rate of tile flow. The saturated hydraulic conductivity (K sat ) of the bottom layer in the soil profile was adjusted to mimic an impermeable layer in the soil, thus creating a perched water table. The calibrated values of the effective drain spacing d and K sat of bottom layer in two soil types are listed in table 4. Small changes were also made in field estimates of the lower limit and drained upper limit of some soil layers to improve the predicted soil water content. This resulted in a single set of soil properties that described each soil using 1993 and 1994 data.
The ME and RMSE values for the calibration of soil water contents (1993 and 1994) for Readlyn soil are shown in table 5. In the calibration years, there was good agreement between the predicted and measured volumetric soil water contents for the Readlyn soil each year, with average ME values ranging from -0.005 to -0.011, and the average RMSE values ranging from 0.037 to 0.043 cm 3 cm -3 (table 5) . Generally, the largest errors occurred in the top layer (0-5 cm), with the greatest error occurring in 1993, which was a very wet year. The lowest errors generally occurred in the deepest layers (60-90 cm and 90-120 cm). The largest RMSE and the largest ME occurred during 1993 was 0.088, and -0.051 cm 3 cm -3 in the top layer, respectively.
Similar to the Readlyn soil, the largest error occurred in the top layer for the Kenyon soil (table 6) . However, the error in the second layer (5-15 cm) was lower than errors for some deeper layers. The lowest errors also generally occurred in the two deepest layers (60-90 cm and 90-120 cm). The largest RMSE and largest ME were 1993 (0.087 and -0.047 cm 3 cm -3 ) in the top layer. Overall, the average RMSE values ranged from 0.037 to 0.046 cm 3 cm -3 in the calibration over these two soil types, respectively, and the average ME values ranged from -0.004 to -0.011 cm 3 cm -3 . On average, the model slightly under predicted the soil water contents in the calibration years.
Surface Tile Drainage. The effective tile drain spacing coefficient was calibrated for 1993 and 1994 for each soil type to give the best fit between the predicted and measured cumulative tile flows (table 4) 
1308 TRANSACTIONS OF THE ASAE flow agreed well with the mean measured values. In most cases, the model was within one standard deviation of measured values. For 1994, the cumulative subsurface drainage for the growing season was about 6 to 11 cm. However, in 1993, due to excessive rainfall in this region, the cumulative tile flow was two to four times higher than the measured tile flows of the normal years (1994 and 1995) . The model under predicted the cumulative tile flow on both soils in 1993, and the ME values in 1993 were -2.40 and -1.67 cm for Readlyn and Kenyon soil, respectively. The RMSE values of 1993 in Readlyn, and Kenyon soil were very large, 5.12 and 2.57 cm, due to the large variability of measured tile drainage across the fields. Table 7 shows the percentage error between the predicted and measured cumulative tile flow for each soil type in the calibration years. The results of the model calibration indicated that the predicted and measured cumulative tile flow agreed well. The difference between the predicted and measured tile drainage volume averaged -7% and -0.2% for the calibration data for Readlyn and Kenyon soils, respectively.
MODEL VALIDATION OF SOIL WATER CONTENT AND SURFACE TILE DRAINAGE
Soil Water Content. The model was run for the soils in the validation years (1995 and 1996) using parameters derived from calibration. The ME and RMSE values were used to evaluate the accuracy of model. Results for the validation years show the averaged RMSE over all depths in 1995 and 1996 were 0.032 and 0.039 cm 3 cm -3 for Readlyn soil, respectively (table 5). Similar to the results in the calibration years, the largest errors occurred generally in the top layer (0-5 cm), and the lowest errors occurred in the deepest layers (60-90 cm and 90-120 cm). Figure 3a -g shows an example of the predicted and measured soil water content for Readlyn soil in 1995 for several depths. A good fit was obtained between the predicted and measured soil water contents for all layers except 0 to 5 cm ( fig. 3a) . In the top soil layer (0-5 cm), soil water content changes very rapidly with time due to evaporation, which makes it difficult to predict. As expected, soil water content in deeper layers did not change as rapidly with time, due to fewer roots in those layers. Results of the predicted and measured soil water contents for the Kenyon soil are shown in figure 4 for the validation year 1995. The predicted soil water contents agreed well with the measured soil water contents, with an overall RMSE of 0.036 cm 3 cm -3 , and the overall ME value of -0.009 cm 3 cm -3 for 1995 (table 6). The average RMSE was 0.040 cm 3 cm -3 for the validation years. Similar to the Readlyn soil, the largest error occurred in the top layer for the Kenyon soil. However, error in the second layer (5-15 cm) was lower than errors for some deeper layers. The lowest errors generally occurred in the two deepest layers (60-90 cm and 90-120 cm). Overall, the average RMSE values ranged from 0.032 to 0.044 cm 3 cm -3 and the average ME values were from -0.002 to -0.014 cm 3 cm -3 in the validation over these two soil types. Therefore, the validation results showed that the model slightly under predicted the soil water contents over these two soil types.
Subsurface Tile Drainage. The effective tile drain spacing coefficient derived through calibration was tested in 1995 and 1996 for each soil type (table 4) fig. 4 ). For this soil type, however, no measured tile flow occurred after DOY 180. There appeared to be some problems with the automated rainfall gauge during one storm event after DOY 180 in 1996, but this could not be confirmed through the results of tile flow for the Kenyon soil, nor the soil water content in 1996.
With the exception of 1996, the predicted and measured cumulative tile flow agreed well. The difference between the predicted and measured tile drainage volume was -17.3% and -0.4% for the validation data for Readlyn and Kenyon soils, respectively. For a validation year 1996, predicted tile flow was lower than measured tile flow by 37% and 12%, for Readlyn and Kenyon soil, respectively. However, from the statistical aspect, the model predicted tile drainage in 1996 within a reasonable range, because the RMSE values were 3.40 and 2.74 cm and the ME values were -2.22 and -0.03 cm for Readlyn and Kenyon soil, respectively. The model predicted total tile flow over the four-year period very well. For the Kenyon soil, the predicted tile flow from 1993-1996 (42.4 cm) was very close to the measured tile flow (42.3 cm). The model under predicted cumulative tile flow from 1993-1996 for the Readlyn soil by 5.8 cm versus the total 53.7 cm measured tile drainage.
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MODEL CALIBRATION AND VALIDATION OF SOYBEAN YIELD
The soybean varieties in this study had a maturity group of three early. In order to run the model for this study, the generic maturity group 3 soybean coefficients provided with the model were used. There was good agreement between the predicted and measured soybean yields for both soil types each year (table 8) . On average, the calibration results showed that the model under predicted measured yields, by 1.1%, with the average ME of -33 kg ha -1 for the Readlyn soil, and over predicted measured yields by 4.3%, and the average ME of 123 kg ha -1 for the Kenyon soil. The validation results indicated that the model under predicted yield by 2.8%, with the averaged ME of -89 kg ha -1 for the Readlyn soil, and over predicted measured yields by 1.4% with the averaged ME of 44 kg ha -1 for the Kenyon soil. These results, combined with the good agreement in soil water content and tile drainage, demonstrate that both the crop and soil water components worked very well for these diverse seasons.
SUMMARY AND CONCLUSIONS
The objective of this project was to incorporate a simple tile drainage model into the CROPGRO-soybean model to improve its accuracy in predicting water balance under tile drainage conditions. One goal was to create a simple approach with a small number of input parameters to facilitate calibration of tile drainage effects on a variable basis across fields in order to study precision farming issues. At this point, we were looking for approximate solutions to improve model performance, and were willing 1311 VOL. 41(5): 1305-1313 to sacrifice some accuracy for simplicity, which will simplify calibration of this model at the sub-field (0.41 ha) scale. The approach which was used in the tile flow model of this research only required estimates of saturated hydraulic conductivity for the tile layer (which is usually known), and effective tile spacing. Because hydraulic conductivity is often known, the effects of tile drainage on water balance can be calibrated using the effective tile spacing coefficients alone.
The model was calibrated for two soil types using the first two years of data, and validated using an additional two years of data of soil water content, monthly cumulative tile flows, and crop yields collected at Nashua, Iowa, during 1993 Iowa, during -1996 . Good agreement was obtained between the predicted and measured soil water contents at several depths during the season, indicated by an averaged ME of -0.006 and -0.011 cm 3 cm -3 , and an averaged RMSE of 0.036 and 0.040 cm 3 cm -3 for Readlyn and Kenyon soils for the validation years, respectively. Generally, the model gave more error in predicting soil water contents in the top 5 cm, than for deeper soil layers.
In general, the predicted cumulative tile drainage for the four-year period agreed well with the measured values. The slope, or drainage rate over time, matched the measured drainage rate, and in most cases, the final cumulative drainage was within one standard deviation of measured values. The model also gave good predictions of final soybean yields for each year and soil type. The difference between the predicted and measured soybean yield was -1.1% and 4.3% for the calibrated data and -2.8% and
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TRANSACTIONS OF THE ASAE 1.4% for the validation data for Readlyn and Kenyon soils, respectively. The overall behavior of the model was very encouraging. Due to its simplicity, it was easy to calibrate, and gave realistic results. The next step is to test this model in various precision farming applications. The model will fit calibrated and measured soil water contents on grids within fields, and hypotheses related to causes of yield variability, as well as optimum prescriptions, will be tested. 
